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Feasibility of Along-Track Displacement
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Abstract—The European Space Agency’s Sentinel-1, a C-band
imaging radar mission to be launched in mid-2013, will provide
a continuity of radar data for monitoring the changing Earth.
The azimuth resolution of Sentinel-1’s background mode, interferometric wide-swath (IW) mode, is four times lower than that
of European remote-sensing satellite (ERS) and Envisat systems.
Therefore, the measurement accuracy of along-track displacement from Sentinel-1 IW images presumably will be significantly
reduced. In this paper, we test the feasibility of along-track
displacement measurement from Sentinel-1 IW mode. We simulate Sentinel-1 IW synthetic aperture radar (SAR) images from
the ERS raw data that captured the coseismic deformation of the
1999 Hector Mine earthquake in California. Along-track displacement maps are generated using multiple-aperture interferometric
SAR (MAI) and intensity tracking techniques, respectively, and
are compared with GPS measurements. The root-mean-square
(rms) error between the synthetic Sentinel-1 MAI and GPS measurements is about 9.6 cm, which corresponds to only 0.5% of
the azimuth resolution. The rms error between the along-track
displacements from synthetic Sentinel-1 offset tracking and GPS
is about 27.5 cm, which is about 1.4% of the azimuth resolution.
These results suggest that the MAI method will still be useful to
measure along-track displacements from Sentinel-1 IW InSAR
imagery and that it would be difficult to effectively measure
the along-track displacements by the Sentinel-1 offset tracking
method.
Index Terms—European Remote Sensing (ERS), interferometric synthetic aperture radar (InSAR), multiple-aperture InSAR
(MAI), Sentinel-1, synthetic aperture radar (SAR).

I. I NTRODUCTION

S

ENTINEL-1, the next generation of C-band radar missions
from the European Space Agency (ESA), is due to launch
in mid-2013. Sentinel-1 will extend European Remote Sensing
(ERS) and Envisat radar legends to provide a continuity of radar
imagery to the user community. Sentinel-1 has four different
operational modes: 1) strip map mode; 2) interferometric wide
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swath (IW) mode; 3) extra-wide-swath mode; and 4) wave
mode [1]. Sentinel-1’s revisit time of 12 days is shorter than
that of ERS and Envisat, which will enhance interferometric
synthetic aperture radar (InSAR) coherence in general [2]. A
constellation of two Sentinel-1 satellites will provide a revisit
of six days. The background mode of Sentinel-1 operation is
the IW mode, which provides a wide coverage of 250 km
with medium resolutions of 5 and 20 m in range and azimuth
directions, respectively [2], [3].
The ground range resolution of the Sentinel-1 IW mode is
improved by about five times over those of the ERS and Envisat
systems by using large chirp bandwidth, while the azimuth
resolution is four times lower than those of the ERS-1/-2
and advanced synthetic aperture radar (image mode) systems
to provide a wide coverage of 250 km [2], [3]. Since lower
azimuth resolution of Sentinel-1 IW can be compensated by
higher ground range resolution, the coherence of Sentinel-1 IW
interferograms would be similar to that of ERS and Envisat interferograms if a similar number of multilooks is used in InSAR
processing [2]. That is, the accuracy of InSAR line-of-sight
(LOS) surface deformation measurement from Sentinel-1 IW
is expected to be similar to that of ERS and Envisat. However,
the measurement accuracy of the along-track displacement for
Sentinel-1 IW will likely be much lower than that for ERS and
Envisat, because its azimuth resolution is four times lower than
that of ERS and Envisat. Therefore, the accuracy of along-track
displacement measured from Sentinel-1 images will likely be
significantly reduced.
It is well known that source geometry in deformation modeling is ambiguous if it is estimated from vertical deformation
data alone [4]. Direct measurements of the deformation field in
three dimensions allow for better resolution of the parameters
of deformation models for volcanic activity, earthquakes, and
other processes, including the geometry of the deformation
source. InSAR is a powerful technique for mapping surface
deformation, but it is limited to the measurement of ground surface deformation along the radar LOS direction. Because ERS,
Envisat, and Sentinel-1 satellites have near-polar orbits (i.e.,
approximately north–south ground tracks) and right-looking
imaging geometry, it is impossible to determine 3-D surface
deformation from LOS InSAR data alone, even when multiple
independent interferograms with different viewing angles are
used jointly [5]. The bottleneck is in resolving the along-track
displacement.
Two techniques have been realized to map the along-track
displacement: One is the pixel tracking technique [6]–[8], and
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the other is the multiple-aperture InSAR (MAI) [9], [10]. Pixel
offset tracking is achieved through cross correlation of SAR
images and is limited by the azimuth pixel resolution. Previous
studies have demonstrated that the accuracy of along-track
displacement from the pixel offset method on ERS data with
high coherence is limited to 12–15 cm [11]–[13]. This accuracy
corresponds to about 2.4%–3.0% of the azimuth resolution. The
accuracy of along-track displacement from the offset method on
advanced land observation satellite phased array type L-band
synthetic aperture radar (ALOS PALSAR) images can reach to
1.6% of the azimuth resolution [14]. Assuming that the SAR
sensor onboard Sentinel-1 is as good as the ALOS PALSAR,
the achievable accuracy of the along-track displacement from
the offset tracking technique would be less than about 32 cm
(1.6% of 20 m of the azimuth resolution) [14]. This accuracy
is not good enough to measure the along-track displacements
from most earthquakes and volcanic activity.
Recently developed MAI technique [9], [10] represents a
remarkable improvement in measuring along-track displacement over the pixel offset tracking method. The accuracy of
this method depends on the coherence as well as the effective
azimuth antenna dimension which is approximately equal to
twice the azimuth resolution. The achieved accuracies of the
MAI method for ERS and ALOS data are about 6.3 and 3.6 cm,
respectively [9], [15]. These respectively correspond to about
1.3% and 0.8% of the azimuth resolution, which are significantly better than the results from the pixel offset tracking
method. Assuming that the Sentinel-1 SAR can achieve this
accuracy, MAI technique can produce along-track displacement
with an accuracy of 16 cm, which is twice as good as the offset
tracking method.
In this paper, we simulate synthetic Sentinel-1 SAR images from the ERS raw data spanning the 1999 Hector Mine
earthquake and assess the achievable accuracy of the alongtrack displacement by Sentinel-1 MAI and intensity tracking
measurements, both of which will be compared with GPS data.
We hope that this study will provide guidance in determining
the feasibility of the along-track displacement measurement
from Sentinel-1 IW imagery.
II. DATA S ET AND P ROCESSING
A feasibility study on the along-track displacement measurement from the Sentinel-1 is carried out by using ERS-2 raw
data pair (descending track 127 and frame 2907) acquired on
September 15 and October 20, 1999. The image covers the
epicenter of the Hector Mine earthquake, California (Mw of
7.1), which occurred on October 16, 1999. This coseismic ERS
InSAR pair is ideal to test the feasibility of the Sentinel-1 alongtrack displacement measurement in that the following holds:
1) Interferometric coherence is high; 2) large displacement
exists; and 3) in situ measurement is available to test the
measurement accuracy of along-track displacements.
The Sentinel-1 IW mode is implemented as a Terrain Operation with Progressive Scans in order to image a wide swath
width of 250 km with 100% burst synchronization optimized
for InSAR processing [16], [17]. The effective Doppler bandwidth of this instrument is about 380 Hz, and its chirp band-

TABLE I
S YSTEM PARAMETERS OF S ENTINEL -1 IW AND ERS

width is 56.5 MHz, while the effective Doppler and chirp
bandwidths of ERS-1/-2 are about 1460 Hz and 15.6 MHz,
respectively [2], [3]. The large chirp bandwidth improves the
range resolution with respect to ERS-1/-2 systems, while the
small effective Doppler bandwidth reduces the azimuth resolution. Consequently, the azimuth and range resolutions of
Sentinel-1 IW imagery are about 20 m in azimuth and 5 m in
range, respectively. Table I summarizes the system parameters
of Sentinel-1 IW and ERS-1/-2 [2], [3].
Synthetic Sentinel-1 IW single look complex (SLC) images
are simulated using the ERS-2 InSAR pair to test the feasibility
of along-track displacement measurements. For this simulation,
the processed Doppler bandwidth of 380 Hz is applied to ERS-2
raw data, and then, a complex average of five azimuth pixels is
carried out. This simulation is not perfect because high ground
range resolution of the Sentinel-1 IW data (5 m) cannot be
simulated from ERS-2 data (25 m). However, it is adequate to
test the feasibility of along-track displacement measurements
because the accuracy of along-track displacement largely depends on the azimuth pixel size and the processed Doppler
bandwidth [10]. We produce four along-track displacement
maps from both ERS-2 and synthetic Sentinel-1 IW InSAR
pairs using both the MAI and the offset tracking methods,
respectively.
For the MAI processing of the ERS-2 and the synthetic
Sentinel-1 InSAR pairs, the average Doppler centroid is calculated from the Doppler centroids of master and slave data.
The forward and backward Doppler centroids are determined
from the effective Doppler bandwidth and a normalized squint
of 0.5. Then, the subaperture Doppler bandwidth is determined
from the Doppler parameters calculated. The same average
Doppler centroid of 62.3 Hz is used for both the ERS-2 and
the Sentinel-1 processing. However, the forward and backward
Doppler centroids and subaperture Doppler bandwidth for the
ERS-2 (i.e., 417.6, −293.0, and 652.8 Hz, respectively) are
different from those for the Sentinel-1 (i.e., 252.3, −127.7,
and 190.0 Hz, respectively) because the effective Doppler
bandwidths of the ERS-2 and the Sentinel-1 are 1420 and
380 Hz, respectively (see Table I). These Doppler parameters
are used for azimuth common band processing [10]. In the master and slave data, forward- and backward-looking SLC images
are created, and a complex average of five azimuth pixels is
additionally applied to the forward- and backward-looking SLC
images to simulate the synthetic Sentinel-1 IW images. The
characteristics of the MAI pairs are summarized in Table II.
The generated forward- and backward-looking SLC images of
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TABLE II
C HARACTERISTICS OF I NTERFEROMETRIC PAIRS U SED IN T HIS S TUDY

the master and slave data have the same azimuth and range
positions without explicit coregistration because the processing
algorithm proposed by Jung et al. [10] is used. Multilooked
forward- and backward-looking differential interferograms are
created and smoothed using a Goldstein filter [18] with a
window size of 32 to improve interferometric coherence. The
final MAI interferograms are corrected from the residual flatEarth and topographic phases through the method by Jung et al.
[10]. The MAI interferometric phase (φMAI ) is converted into
along-track displacement (x) using the following equation:
l
φMAI
x=−
(1)
4πn
where l is the effective antenna length and n is a normalized
squint that is a fraction of the full aperture width [9], [10]. The
effective antenna lengths of the ERS-2 and the Sentinel-1 are
10 and 40 m, respectively (see Table I).
We generate the along-track displacement using the intensity
tracking technique—the widely used method on image offset
estimates [7]. This intensity tracking method can be performed
to remarkable accuracy when the coherence is retained because
the speckle patterns of the two images are correlated [7]. It
should be noted that the fringe visibility technique [7] can
also be used for image offset estimates for InSAR pairs with
excellent coherence. At each pixel location, we use multiple
patch sizes varying from 64 × 64 to 128 × 128 single-look
pixels with a step size of 16 pixels in both azimuth and range
directions. Therefore, a total of 25 offset measurements are
carried out at a position. The final offset measurement is calculated by averaging the 25 offset measurements after removing
outliers. The along-track displacement is then calculated from
the azimuth offset (Oaz ) as given by
x = Oaz · Δaz

(2)

where Δaz is the azimuth pixel size.
III. R ESULTS
A. Theoretical Analysis
A theoretical standard deviation of the along-track displacement measurement from MAI is shown in Fig. 1. It is calculated
from (1) as given by
σx =

l
σφ,MAI
4π · n

(3)

Fig. 1. Variation of theoretical standard deviation of along-track displacement
for ERS and Sentinel-1 with respect to decorrelation. Values of lERS =
1000 cm and lSEN = 4000 cm, n = 0.5, and NL,ERS = 40 and NL,SEN =
50 are used to calculate the standard deviation, where l is the effective antenna
length, n is a normalized squint, NL is the effective number of looks, and subscripts of ERS and SEN denote ERS and Sentinel-1 SAR systems, respectively.
The gray shaded areas present the published range of cross correlation method
for ERS in [4]–[6] and the expected range for Sentinel-1, respectively.

where σx and σφ,MAI are the standard deviations of the displacement measurements and the MAI phases, respectively [9].
The σφ,MAI is defined by

1 − γ2
1
√
σφ,MAI ≈
(4)
γ
NL
where γ is the total correlation [19] and NL is the effective
number of looks for forward- or backward-looking interferograms. Note that the standard deviation of MAI interferometric
phase would be at least twice as large as that of interferometric
phase obtained from full aperture processing because a normalized squint (n) of 0.5 is generally used for MAI processing
and the azimuth resolution degrades with aperture loss. Using
(3) and (4), the theoretical standard deviation of the alongtrack displacement measurements is calculated based on the
processing parameters in Table I. Moreover, the improvement
of the standard deviation of the phase by Goldstein filtering
[18] is also considered [10]. As shown in Fig. 1, the standard
deviation of the along-track displacement rapidly increases as
the total decorrelation increases. When the correlations are
0.95, 0.8 and 0.5, the standard deviations of the along-track
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Fig. 2. MAI interferograms for (a) ERS and (b) synthetic Sentinel-1. Note
that the fringes of the interferograms are presented between −π/20 and π/20
for ERS and −π/80 and π/80 for Sentinel-1. These ranges correspond to
−25 to 25 cm.

displacement are approximately 3, 7, and 15 cm, respectively,
for ERS and about 10, 24, and 55 cm, respectively, for
Sentinel-1. These results indicate that the performance of the
MAI method largely depends on the coherence of the MAI
image. In order to reach the accuracy of along-track displacement of ERS MAI, the Sentinel-1 MAI image should have
higher coherence than the ERS one. The published standard
deviations of the cross correlation method for the ERS system
range from 13 to 15 cm [11]–[13], and the expected standard
deviation for the Sentinel-1 falls between 52 and 60 cm (Fig. 1).
Therefore, the MAI performance of Sentinel-1 for NL = 50 is
much better than the offset tracking method and that accuracy
of less than 15 cm can be achieved in high-coherence region
(γ ≥ 0.9) using the MAI method. Moreover, the accuracy of
Sentinel-1 MAI measurement can be more precise than that
of ERS offset measurement if the interferometric coherence is
high (γ ≥ 0.9). Therefore, the MAI method should be suitable
for mapping the effective along-track displacement measurement from earthquakes and volcanoes using Sentinel-1 IW
SAR imagery.
B. Simulation Analysis
The ERS and synthetic Sentinel-1 MAI interferograms are
shown in Fig. 2. One fringe in the interferograms represents
between −π/20 and π/20 for ERS and −π/80 and π/80
for Sentinel-1, both of which correspond to an along-track
displacement ranging from −25 to 25 cm. For the generation
of the MAI interferograms, the forward- and backward-looking
SLC images are generated using a normalized squint of n = 0.5
and effective antenna lengths of l = 10 and 40 m for ERS and
Sentinel-1, respectively, and the final MAI interferograms are
formed by the complex-conjugate operation of the forward- and
backward-looking differential interferograms using the corresponding parameters of the interferometric pairs summarized
in Table II. The MAI interferograms from ERS and Sentinel-1
show similar along-track displacement patterns. However, the
ERS MAI interferogram is much more coherent than the
Sentinel-1 IW MAI because the azimuth angular beam width

Fig. 3. Along-track displacement maps measured from (a) MAI and (b) offset
methods for ERS InSAR pair and (c) MAI and (d) offset methods for synthetic
Sentinel-1 InSAR pair.

of ERS MAI is four times larger than that of Sentinel-1 MAI.
The noncoherent areas of the MAI interferograms shown in
Fig. 2 are caused by large surface disturbance. In conventional
SAR interferometry, this generally occurs when the displacement difference between adjacent pixels is more than the radar
wavelength or when the imaged areas are significantly disturbed. Although the MAI interferogram is not related to the
radar wavelength but the effective azimuth antenna length, a
MAI interferogram is affected by large surface displacement
because a MAI interferogram depends on the coherence of the
corresponding LOS interferogram [10]. The azimuth resolution
for Sentinel-1 is four times as poor as that for ERS-2. The
reduction in azimuth resolution degrades the coherence of LOS
interferograms of Sentinel-1 over areas with large deformation
gradients. Consequently, the noncoherent area of the Sentinel-1
MAI interferogram is larger than that of ERS-2.
Fig. 3 shows along-track displacement maps measured from
MAI and pixel offset methods for ERS and Sentinel-1 IW
images. The black arrows in Fig. 3(a) and (c) represent the
GPS observations from [20], which are projected to the alongtrack direction. The GPS observations distributed in areas with
coherence higher than 0.7 are used to assess the accuracy
of along-track displacement measurements from the MAI and
pixel offset methods. The along-track displacement maps in
Fig. 3(a) and (c) are respectively generated from MAI interferograms in Fig. 2(a) and (b) using (1), while those in
Fig. 3(b) and (d) are respectively created from the azimuth
offset fields of ERS and synthetic Sentinel-1 InSAR pairs
using (2). All of the along-track displacement maps shown in
Fig. 3 represent a similar pattern, but their noise levels are
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Fig. 4. Comparison of MAI and offset displacements with GPS displacements. (a) and (b) are MAI (std. = 5.47 cm; R2 = 0.99) and offset (std. =
12.22 cm; R2 = 0.93) displacements of ERS, respectively, and (c) and (d) are
MAI (std. = 9.64 cm; R2 = 0.96) and offset (std. = 27.46 cm; R2 = 0.69)
displacements of synthetic Sentinel-1, respectively. Offset measurements from
GPS are plotted in horizontal axis, while offset measurements from SAR
are plotted in vertical axis. Circles and bars denote GPS and MAI or offset
displacements with error bars at a 95% confidence level.

different. The MAI measurements [Fig. 3(a) and (c)] are better
than the offset ones [Fig. 3(b) and (d)]. Moreover, the alongtrack displacement measurements from ERS [Fig. 3(a) and (b)]
are superior to those corresponding ones from the synthetic
Sentinel-1 [Fig. 3(c) and (d)] due to the difference in azimuth
resolution between ERS and Sentinel-1.
Fig. 4 shows the comparison of the along-track displacements measured from MAI and offset methods with the GPS
displacements shown in Fig. 3(a) and (c). The root-meansquare (rms) error between ERS MAI and GPS displacements
is about 5.5 cm, corresponding to only 1.1% of the azimuth
resolution of the ERS SAR system [Fig. 4(a)]. This result is
slightly better than the rms error (about 6.3 cm) published
by Bechor and Zebker [9], because the method proposed in
[10] improves the coherence of the MAI interferogram by the
following: 1) azimuth common band filtering; 2) multilooking
and phase filtering; and 3) efficient corrections of the flat-Earth
and topographic phases. However, both results are worse than
the accuracy achieved by ALOS PALSAR MAI measurement
(0.8% of the azimuth resolution) [15] due to the low phase noise
of ALOS PALSAR data. The rms error between ERS offsets
and GPS displacements [Fig. 4(b)] is about 12.2 cm, corresponding to 2.4% of the azimuth resolution. This result is in
agreement with the accuracy of 12–15 cm published previously
[11]–[13], but worse than the offset result of 1.6% achieved
from the ALOS PALSAR [14]. The accuracy of ERS offset
displacements is twice as low as that of the ERS MAI ones.
The determinant of correlation (r2 ) from the offset tracking
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method is 0.93, while it is 0.99 for MAI. These results further
confirm that along-track displacement measurement from MAI
is superior to the offset tracking method [15].
Fig. 4(c) compares the synthetic Sentinel-1 MAI measurements with GPS displacements. The rms error and the determinant of correlation are about 9.6 cm and 0.96, respectively. The
accuracy of 9.6 cm corresponds to only 0.5% of the azimuth
resolution. This result is about twice as poor as ERS MAI
accuracy, but better than the ERS offset accuracy. The synthetic
Sentinel-1 images likely have a high signal-to-noise (SNR) ratio
with respect to real Sentinel-1 data because they are simulated
by only using the central part of the radar beam emitted by the
ERS-2 SAR sensor. Therefore, the synthetic Sentinel-1 MAI
interferogram could have a high coherence as well as low
phase noise. For this reason, the 0.5% accuracy of the azimuth
resolution has been achieved by the synthetic Sentinel-1 MAI
measurement. However, an accuracy of about 20 cm is expected
if the phase noise of real Sentinel-1 data is similar to that of
ERS data, and the achievable accuracy could be about 16 cm if
the phase noise of real Sentinel-1 data is close to that of ALOS
PALSAR data [14]. Based on (4) and our analysis in this study,
we can see that the accuracy of along-track displacements
achieved by the MAI measurement largely depends on the
phase noise of the Sentinel-1 data. Due to a much shorter
repeat of Sentinel-1, we expect much higher coherence from
Sentinel-1 than ERS and Envisat images. Consequently, we
could measure the along-track displacements by the Sentinel-1
MAI method with an accuracy of less than 20 cm if the
Sentinel-1 sensor has lower radar noise.
The comparison between the synthetic Sentinel-1 offset displacements with GPS measurements is shown in Fig. 4(d). The
rms error is 27.5 cm. This is 2.8 times worse than the Sentinel1 MAI method and is about twice as good as the expected
accuracy of 48–60 cm, which corresponds to 2.4%–3.0% of
20 m of the Sentinel-1’s azimuth resolution, because the synthetic Sentinel-1 data have a high SNR. This result corresponds
to 1.4% of the azimuth resolution, which is similar to the
offset result of 1.6% achieved by the ALOS PALSAR [14].
The achievable accuracy might be around 48 cm if the 2.4%
of the azimuth resolution estimated from ERS offset method
is considered. Consequently, it could be difficult to effectively
measure the along-track displacements by the offset tracking
method from Sentinel-1 IW imagery.
IV. C ONCLUSION
We have tested the feasibility of along-track displacement
measurement from Sentinel-1 IW mode SAR imagery, by
simulating Sentinel-1 SAR images from an ERS InSAR pair
bracketing the 1999 Hector Mine coseismic deformation and
by generating along-track displacement maps from MAI and
offset tracking techniques. The rms error between the alongtrack displacements from synthetic Sentinel-1 MAI and GPS
measurements is about 9.6 cm or only 0.5% of the azimuth
resolution. This accuracy is slightly better than ERS offset
tracking method and about three times better than Sentinel-1
offset tracking technique. We recommend that the MAI method
will be useful for mapping along-track displacements due to
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earthquakes and volcanic activities from the background operation mode of Sentinel-1 IW imagery.
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